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INTERLEUKIN (IL)-1␤ is well characterized for its role in sleep regulation (15) . Injection of IL-1␤ into the brain or systemically induces excess non-rapid eye movement (NREM) sleep. Conversely, inhibition of IL-1␤ by using anti-IL-1␤ antibodies (29) , the IL-1 receptor (IL-1R) antagonist (41) , or the IL-1 soluble receptor (12) inhibits sleep. Brain IL-1␤ mRNA varies with the time of day, with high levels when duration of NREM sleep is long. Furthermore, sleep loss, a condition leading to sleepiness and excessive sleep if subjects are allowed to sleep, is associated with enhanced IL-1␤ mRNA in brain (37) . IL-1␤ is produced by various cells, including neurons and glia, and acts on the IL-1 type I receptor (IL-1R) to elicit sleep (8, 15) . Mice lacking the IL-1R have less spontaneous sleep and do not have sleep responses if given exogenous IL-1␤ (8) .
The IL-1R requires receptor adaptor proteins for manifestation of IL-1␤ activity. One of these adaptor proteins is the IL-1R accessory protein (AcP), which binds to the IL-1/IL-1R complex, triggering a signaling cascade (7) . Recently, an alternatively spliced isoform of IL-1R AcP, the brain-dominant IL-1R AcP (IL-1R AcPb), was cloned and characterized (34) . Although the function of IL-1R AcPb remains unknown, Smith et al. (34) provide evidence suggesting that AcPb protects against neuronal loss induced by inflammatory stimuli.
The IL-1R AcP associates with the IL-1R and modulates the activity of IL-1 family members, including IL-1␤ (34) . A 70% reduction in IL-1␤ binding has been reported in mice lacking IL-1R AcP (5) . The IL-1R AcPb seems to bind to the IL-1R/ IL-1 complex in the presence of IL-1R AcP and alters the subsequent signaling response (34) . However, the specific pathway by which IL-1R AcPb alters IL-1␤ signaling remains unknown. Regardless, the IL-1R/IL-1/IL-1R AcP complex leads to recruitment of intracellular signaling molecules, which underlies the ability of IL-1 to regulate host defense and tissue homeostasis (34) . The IL-1␤/IL-1R/IL-1R AcP complex then activates NF-B intracellularly, leading to changes in cellular functions, some of which enhance sleeplike states (18, 20) .
LPS, a component of the outer membrane of gram-negative bacteria, promotes inflammation and sleep (16) . LPS activates Toll-like receptor 4, which leads to the activation of many proinflammatory cytokines, including brain IL-1␤ (4). Intraperitoneal, intracerebroventricular, or intravenous injection of LPS enhances NREM sleep and attenuates rapid eye movement (REM) sleep in rabbits (16, 23) , rats (3, 13, 21) , mice (25) , and humans (26, 33) .
In the present study, we 1) cloned AcPb for another rodent species, the rat, 2) compared AcPb mRNA expression in rat tissues with that reported in the mouse, 3) determined if rat AcPb mRNA expression varied with sleep propensity, and 4) showed that sleep responses to LPS in mice lacking AcPb are exaggerated, suggesting a normal inhibitory role for AcPb in IL-1␤ signaling in the brain.
MATERIALS AND METHODS
All experimental protocols were approved by the Washington State University Animal Care and Use Committee and were in compliance with the National Institutes of Health guidelines.
Experiments 1-4: Tissue Samples and Total RNA Isolation From Rats
Male Sprague-Dawley rats (280 -350 g) were purchased from Taconic Farms (Germantown, NY) and acclimated to a 12:12-h light-dark cycle at 23°C. Separate groups of rats were used in experiments 1-4. In experiments 2-4, we used rat mRNA/cDNA samples previously generated and analyzed for different purposes (18, 39) . In experiment 1, brain samples were taken from four rats and pooled. One-half of the brain was not dissected further and used as a comparison for other tissue samples. The hypothalamus, somatosensory cortex (Sctx), hippocampus, brain stem, and lung were harvested from each rat and pooled, and RNA was extracted to compare relative AcPb tissue expression with that described previously for mice (34) . Pooled tissue samples were kept separate to determine the distribution of AcP and AcPb mRNAs (Fig. 1) . In experiments 2-4, groups of rats (n ϭ 10 each) were used. In experiment 2, rats were allowed to sleep normally (control group) or sleep-deprived by gentle handling for 6 h during the first 6 h of the light period (18) . The rats were killed 6 h after lights were turned on, and tissue samples were collected. In experiment 3, one of six groups of rats was killed at 4-h intervals across the 24-h day, and brain samples were collected (18) . In experiment 4, six groups of ketamine-xylazine-anesthetized rats were implanted with an intracerebroventricular cannula. After recovery, human recombinant IL-1␤ (0, 2.5, or 25 ng) was injected intracerebroventricularly at 1 h before dark onset, and the animals were killed 5 h later (39) . The Sctx was quickly dissected and frozen in liquid nitrogen and stored at Ϫ80°C until processed. Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA) and treated with DNase I (Applied Biosystems, Foster City, CA) for 90 min at 37°C according to the product manual, as described elsewhere (39) . The RNAs were stored at Ϫ80°C until they were used.
Generation and Screening of a Rat cDNA and Rapid Amplification of cDNA Ends
Generation of 5= and 3= RACE-Ready cDNA and rapid amplification of 5= and 3= cDNA ends (RACE) were performed using the Smart RACE cDNA amplification kit (Clontech Laboratories, Mountain View, CA). Rat brain RNA (1 g total from various brain regions) was used as starting material to synthesize first-strand cDNA according to the manufacturer's instructions.
Rat AcPb cDNA was screened with two gene-specific primers (GSP) with 5= or 3= RACE-Ready cDNA used as a template in the subsequent PCR with universal primer mix (SMART RACE kit) according to the manufacturer's instructions. The primers were designed from mouse nucleotide sequences of AcPb (GenBank accession no. NM_001159318): GSP1 [5=-CAGACTCTTGGAGAGGAG-GCTTACAGG-3= (reverse)] and GSP2 [5=-TCCTATGCAAGAAAT-GTGGAAGAAGAGG-3= (forward)]. The PCR products were analyzed with 1.2% agarose-ethidium bromide gels.
Sequencing analysis. To obtain the full-length rat AcPb cDNA, forward and reverse primers (Table 1) were designed on the basis of the sequence obtained from the 5= and 3= RACE and used to amplify the full-length rat AcPb with 5= or 3= RACE cDNA as a template. The PCR consisted of 35 cycles of denaturation for 30 s at 94°C, annealing for 30 s at 68°C, and extension for 2 min at 72°C. A final extension step was performed for 10 min at 72°C. The appropriate sizes of the PCR products were confirmed with 1.2% agarose-ethidium bromide gel and then purified with a gel extraction kit (MinElute, Qiagen, Valencia, CA) and sequenced from the 5= and 3= ends using an automated DNA sequencer (model 377, Applied Biosystems) in the bioscience laboratory at Washington State University.
Expression of mRNA in Rat and Mouse Tissues
RNA was extracted with TRIzol reagent, first-strand cDNA was synthesized using SuperScript III (Invitrogen), and real-time RT-PCR was performed as previously described (40) . Table 2 lists the primer sequences for rat AcP and AcPb and mouse AcPb, IL-1␤, IL-1R, TNF-␣, growth hormone-releasing hormone (GHRH) receptor (GHRHR), and cyclophilin A mRNA; the primer sequences for rat IL-1␤ and cyclophilin A mRNA are reported elsewhere (38) . All the reactions were performed in duplicate or triplicate for each sample. Each reported cycle threshold (C t) value was an average of these values. Then gene expression was evaluated using a comparative Ct method, as previously described (38) .
Experiment 5: Mouse Sleep Experiments
Animals and surgery. Male C57BL/6 mice (control strain), acquired from Taconic Farm, and male IL-1R AcPb knockout (KO) mice (experimental strain), provided by Amgen (Seattle, WA) via Taconic Farm, were bred for three to five generations at Washington State University. Subsequent homozygotic offspring were utilized in the experiments. Mice were maintained on a 12:12-h light-dark cycle (dark onset ϭ time 0) in ventilated chambers (24°C). Mice were housed individually in standard caging with ad libitum access to food and water. Every animal was genotyped from tail snips by Transnetyx (Cordova, TN).
Surgery was performed at 7-10 wk of age on 19 wild-type (WT; 19 -26 g body wt) and 20 AcPb KO (17-27 g body wt) mice. The animals were injected intraperitoneally with a ketamine-xylazine mixture (8.7 and 1.3 mg/ml, respectively), and lidocaine was applied locally to the surgical area. Five electroencephalographic (EEG) electrodes were implanted in each mouse (2 over the right parietal cortex, 2 over the left parietal cortex, and 1 over the cerebellum, serving as the ground), and one electromyographic (EMG) electrode was implanted into the dorsal neck muscles. Electrodes were electrically insulated and secured to the skull with dental cement, forming a pedestal. At least 7 days were allowed for surgical recovery and acclimation to the environmental changes.
Experimental procedure. Polysomnographic recording cables were attached to the pedestals and tethered to minimize strain on the mice. After acclimation, mice were given saline injections (0.2 ml ip) prior to dark onset, and sleep was recorded for the next 24 h. On the next day, prior to dark onset, mice were injected intraperitoneally with one of three doses of LPS [0.05 g (n ϭ 6 for WT, n ϭ 7 for KO), 0.1 g (n ϭ 6 for WT, n ϭ 7 for KO), and 1 g (n ϭ 7 for WT, n ϭ 6 for KO)], and 24-h sleep data were recorded. LPS doses were chosen on the basis of the literature (13, 21, 25) and the sleep responses of WT mice to LPS. Separate groups of mice were used for each dose of LPS.
Sleep recording data. Recording cables were connected to commutators, which led to amplifiers. Amplified signals were digitalized (128-Hz sampling rate) and recorded by an analog-to-digital converter (National Instruments, Austin, TX). EEG signals Ͻ0.1 Hz and Ͼ100 Hz were filtered. Polysomnographic analysis was completed using each mouse were used as a reference value to normalize the data for the control and experimental treatment days, as previously described (18) . EEG SWA values for each animal were determined in 2-h time bins and are presented as a percentage of the 24-h averaged saline reference values. Power spectrum analysis was performed in Sleep Sign using a Hanning window. EEG power spectra (V 2 ) were calculated in 0.5-Hz bins in the frequency range of 0.5-20 Hz for 24-h periods. Thus, a fractional percentage of the total power after saline injections was used for each animal. This value was the sum of the power in the 0.5-to 20-Hz frequency bands in 0.5-Hz bins from 2-h blocks averaged over 24 h and was used as a denominator to adjust individual differences in absolute power following LPS treatment. The time blocks used to assess cortical EEG power spectra were the first 12 h after LPS (hour 12 to hour 0), when EEG SWA during NREM sleep is attenuated (11, 18, 25) .
Statistical analyses. Two-and three-way mixed ANOVAs were used to assess strain, treatment, and time or frequency differences in NREM sleep, the amount of time spent in REM sleep, NREM sleep SWA, and NREM sleep spectral power. Post hoc comparisons were made with independent or paired t-tests when appropriate for the sleep data. A significance level of P Ͻ 0.05 was accepted.
Experiment 6: mRNA Responses to LPS in WT and AcPb KO Mice
Male C57BL/6NTac and AcPb KO mice were intraperitoneally injected with saline (0.2 ml) or LPS (0.1 g in 0.2 ml of saline) at dark onset. Mice were killed 3 h after the injections, brains were excised, and Sctx and hypothalamus were dissected. The tissue was flash-frozen in liquid nitrogen and stored at Ϫ80°C until mRNA expression analysis, as described above for rats. Mouse primers are shown in Table 2 . Independent t-tests were used to compare values obtained after saline injection with those obtained after LPS injection or the responses to LPS between strains.
RESULTS

Sequencing of AcPb cDNA
The rat AcPb cDNA construct was amplified by PCR with the RACE method and then sequenced as described in MATERIALS AND METHODS. The cDNA was 2,852 bp long and contained a 2,058-bp open reading frame encoding 686 amino acids. The complete DNA sequence was deposited in GenBank (accession no. GU123169). The DNA sequence is located on chromosome 11q22. The deduced amino acid sequence for the putative rat AcPb showed a predicted signal peptide sequence (20 amino acids), an extracellular domain (339 amino acids), a single transmembrane domain (24 amino acids), and a long intracellular domain (302 amino acids) with 80%, 94%, 100%, and 98% homology to mouse AcPb, respectively.
Experiment 1: Expression of AcPb and AcP mRNA in Various Tissues
Rat AcPb and AcP mRNA were expressed in all normal tissues (hypothalamus, Sctx, hippocampus, brain stem, and lung tissues). AcPb mRNA expression was much lower in lung than brain tissue samples. AcP mRNA expression was higher in lung than brain (Fig. 1 ).
Experiment 2: Effect of Sleep Loss on AcP and AcPb mRNAs
After 6 h of sleep deprivation, AcPb mRNA levels in the Sctx were elevated by twofold compared with time-matched rats allowed to sleep spontaneously (t ϭ 7.26, P Ͻ 0.001; Fig. 2 ). In contrast, sleep deprivation did not affect AcP mRNA levels. In the Sctx, AcPb mRNA levels were higher at night and lower during daylight hours. In contrast, IL-1 mRNA levels were higher during the daytime and lower at night, confirming previous findings (36) (Fig. 3 ).
Experiment 4: Effect of IL-1␤ Treatment on AcP and AcPb mRNA
Intracerebroventricular injection of 25 ng of IL-1␤ stimulated Sctx IL-1␤ mRNA expression [F(2,23) ϭ 13.10, P Ͻ 0.001; Fig. 4 ]. AcPb mRNA was significantly enhanced at 5 h after a lower dose (2.5 ng) of IL-1␤ [F(2,23) ϭ 4.6, P Ͻ 0.02]. Sctx AcP mRNA was unaltered 5 h after intracerebroventricular injection of IL-1␤ (Fig. 4) . (Fig. 5) .
Experiment 5: Spontaneous Sleep and Sleep Responses to LPS in Mice
The magnitude of NREM sleep responses to LPS was higher in AcPb KO than WT mice across doses [treatment ϫ strain: F(3, 70) ϭ 4.36, P Ͻ 0.01], suggesting that AcPb is integral to mediating LPS-induced sleep responses. NREM sleep after the high LPS dose lasted twice as long in AcPb KO as in WT mice. At the intermediate LPS dose, no differences were detected in WT mice, while duration of NREM sleep in AcPb KO mice was increased during the first 4 h postinjection. The low LPS dose induced increases in NREM sleep duration over the first 4 h postinjection in both strains, although the difference from saline injection was larger in AcPb KO than WT mice (Fig. 6A) .
REM sleep responses to LPS were more labile across doses WT mice, while AcPb KO mice spent almost no time in REM sleep in the early dark period. After the intermediate LPS dose, REM sleep was suppressed in both strains across the light and dark periods at multiple time points. No differences in REM sleep were evident in either strain following the low dose of LPS (Fig. 6B) .
Heterogeneous NREM sleep EEG SWA effects were observed across LPS doses [treatment ϫ strain: F(3, 70) ϭ 5.34, P Ͻ 0.01]. After injection of the high dose of LPS, SWA in AcPb KO mice was significantly lower at 2-4 h, while SWA in WT mice was significantly higher at 20 -22 h. Strain differences in SWA following the intermediate LPS dose were robust, such that SWA markedly decreased during the dark period in AcPb KO mice but no LPS-induced SWA response was observed in WT mice. After the low LPS dose, SWA was suppressed during the light and dark periods; however, the decrease was attenuated during the light period in AcPb KO mice (Fig. 6C) .
The 12-0 h power spectra in WT mice decreased in the low-frequency range after high or low LPS doses compared with saline [treatment ϫ strain: F(3, 70) ϭ 5.74, P Ͻ 0.01]. In AcPb KO mice, the high and intermediate doses induced decreases in a broader low-frequency range (1, 2, and 4 Hz after the high dose and 3-4 Hz after the intermediate dose), while spectral power following the low dose of LPS was unchanged. However, the higher-frequency (7-20 Hz) bands were elevated after the low dose in WT mice compared with AcPb KO mice (Fig. 6D ).
Experiment 6: mRNA Responses to LPS in WT and AcPb KO Mice
In response to 0.1 g of LPS, IL-1R and TNF mRNAs were elevated in the Sctx of WT mice compared with saline-injected WT mice (Fig. 7) . In the Sctx of AcPb KO mice, IL-1, TNF, and GHRHR mRNAs were elevated compared with salineinjected AcPb KO mice. There were differences between strains in the expression of IL-1R (P Ͻ 0.05) and GHRHR (P ϭ 0.051) mRNAs: IL-1R mRNA was lower, while GHRHR mRNA was higher, in the AcPb KO than WT mice.
DISCUSSION
The major findings of this study are as follows. 1) The rat AcPb shares considerable sequence homology with the mouse AcPb, and its mRNA expression is higher in brain than in peripheral tissue. 2) Rat AcPb mRNA varies with sleep propensity in brain. 3) Sleep responses in AcPb KO mice differ from those in WT mice. 4) NREM sleep responses to LPS are exaggerated in AcPb KO mice. 5) The LPS-induced changes in IL-1R and GHRHR mRNAs in WT mice are different from those in AcPb KO mice. Collectively, these data indicate a role for AcPb in sleep responses to sleep loss and inflammatory signals.
The signaling function of AcPb is considerably different from that of AcP, despite the fact that it contains a Toll-IL-1R (TIR) domain, which usually mediates intracellular signaling in the IL-1 pathway (34). The slightly altered TIR structure in AcPb may prevent it from recruiting key signaling molecules and promoting cytokine induction. Smith et al. (34) report that the expression of only certain genes (e.g., Atf3, Icam1, and Cebpd) induced by IL-1 is inhibited when AcPb is coexpressed with AcP in the IL-1R signaling complex. Therefore, AcPb in the IL-1 signaling pathway is not an all-or-nothing inhibitor of AcP (and, thereby, IL-1 activity) but, rather, a protein that alters the quality of the IL-1 response by modifying gene expression patterns typically observed with AcP activity alone (34). Smith et al. posited that AcPb may inhibit IL-1 responses via competition with AcP and, consequently, the recruitment of MyD88 and IRAK4 into the intracellular complex (both molecules are within the IL-1 signaling pathway). Varying levels of AcPb activity may be needed to change expression of individual genes with different induction thresholds. This process was previously described for Erk-dependent activation of IL-1 and TNF genes (32) . Furthermore, the signaling function initiated by AcPb may be insufficient for gene induction on its own but might be necessary for full induction of some genes, possibly in association with novel adaptor proteins expressed in the brain (14, 35) . The current study sheds little light on the mechanisms of AcPb actions; thus, this issue remains unresolved. Regardless, AcPb may play a role in sleep regulation.
We analyzed Sctx samples for mRNA expressions, including rat AcPb mRNA responses to changes in sleep propensity, for several reasons. Previously, we showed that Sctx IL-1␤ mRNA and IL-1␤ protein levels are enhanced in response to increased afferent activity from whisker stimulation (10) . Furthermore, sleep loss enhances cortical IL-1␤ mRNA expression (see Fig. 3 for IL-1␤ mRNA expression in the Sctx), and cortical IL-1 mRNA levels vary with the time of day, with higher levels during the sleep period (36, 37) . Functionally, if IL-1␤ is applied directly to the Sctx, local EEG delta wave power is enhanced during NREM sleep, but not during REM sleep or W (43) .
In contrast to IL-1 mRNA, Sctx expression of AcPb mRNA was greater during the active period (dark hours; Fig. 3) , although, similar to IL-1␤ mRNA, levels were highest at the onset of light hours, suggesting that AcPb mRNA accumulated in the Sctx over the course of the active period and dissipated during the sleep period. This interpretation is consistent with the sleep loss-induced AcPb mRNA increase (Fig. 2) . Cortical neuronal activity is higher during W and sleep deprivation than during periods of sleep (42) . The higher neuronal activity would be associated with greater release of ATP into the extracellular space and its subsequent activation of caspase-1 and production of mature IL-1 (1, 9) . Enhancement of Sctx AcPb mRNA by the lower dose (2.5 ng) of IL-1␤ (Fig. 4) is consistent with the interpretation that IL-1␤ and AcPb affect each other's expression and activity, although the specific mechanisms and timing of these interactions remain to be clarified. The low dose of IL-1 used in this study promotes sleep, while the higher dose inhibits sleep, in rats (30) .
Current data are consistent with the hypothesis that sleep is a local use-dependent process (17, 19) . Specifically, we posited that ATP, released from glia and neurons as a consequence of cell activity, enhances the production of mature IL-1␤ via the purine type 2 receptor (P2X 7 ) and caspase-1 (18) . IL-1, in turn, acts to change receptor populations for neuromodulators and neurotransmitters within nearby local networks. As a consequence, the receptivity of the local networks is dynamic and results in network state oscillations. Thus, for example, IL-1␤ is involved in glutamatergic (44) and GABAergic (2) neurotransmission, and it affects the expression of the adenosine purine type I receptor A2a (24) . Glutamate, GABA, and adenosine are involved in sleep regulation (for review see Ref. 17) .
The spontaneous sleep in AcPb KO mice was different from that observed in WT mice. The differences were small and became statistically significantly different only after all three groups in the LPS study were combined. Regardless, the duration of NREM sleep was shorter in the AcPb KO than WT mice, while the duration of REM sleep was longer in the AcPb KO mice. The finding that these results are just the opposite of those observed after LPS treatment, where the duration of NREM sleep was longer and the duration of REM sleep was shorter in AcPb KO than WT mice, suggests that there may be some biological relevance to the small spontaneous sleep differences between AcPb KO and WT mice. Furthermore, in mice lacking the IL-1R, the duration of REM sleep is shorter (8) , and in the AcPb KO mice, where presumably IL-1 signaling is enhanced, the duration of REM sleep is longer. Nevertheless, since the functions of AcPb remain mostly unknown, the small differences in spontaneous sleep may simply be a consequence of disturbance of a physiological process that secondarily affects sleep.
The differences in sleep responses to LPS between the two strains of mice were very robust. AcPb KO mice had exaggerated increases in NREM sleep duration, larger decreases in REM sleep duration, and amplified reductions in EEG SWA in response to LPS compared with WT mice. Enhanced EEG SWA [also called delta (0.5-4 Hz) power] is often considered a measure of sleep intensity, because it is enhanced during the sleep that immediately follows sleep deprivation (31) . Although AcPb mRNA varied with sleep propensity, it apparently plays little role in spontaneous EEG SWA, because NREM sleep EEG SWA was similar in WT and AcPb KO mice. However, intraperitoneal injection of LPS is associated with decreases in NREM sleep EEG SWA, and these responses are exaggerated in the AcPb KO mice, suggesting that AcPb is serving to limit sleep responses to inflammation, likely by inhibition of IL-1␤ signaling. Furthermore, these results are consistent with the prior suggestion that AcPb is neuroprotective during LPS-induced inflammation (34) .
In response to LPS, there were strain differences in the expressions of the IL-1R1 and GHRHR mRNAs. Both of these receptors are involved in sleep regulation (8, 27) . In fact, decreasing GHRH prior to IL-1 injections in rats blocks IL-1-induced increases in NREM sleep (28) . Functional GHRHRs are found in the Sctx (22) . Furthermore, individual neurons within the hypothalamus are responsive to IL-1 and GHRH, suggesting a common sleep cellular mechanism for these two molecules (6) . However, WT and AcPb KO mice had differential IL-1R and GHRHR mRNA responses to LPS. IL-1R mRNA increased in WT, but not AcPb KO, mice. Furthermore, GHRHR mRNA increased in the AcPb KO, but not WT, mice in response to LPS. Because IL-1 induces GHRHR expression (39) , this latter observation is consistent with a role of AcPb in limiting the actions of IL-1.
In conclusion, AcPb has a role in inflammatory sleep responses: it provides a break on LPS-enhanced NREM sleep and LPS inhibition of REM sleep. AcPb mRNA varies with spontaneous sleep propensity, although its role in physiological sleep regulation remains to be fully characterized.
